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ABSTRACT 
Pain elicits complex adaptations of motor strategy, leading to impairments in the generation 
and control of steady forces, which depend on muscle architecture. The present study used a 
cross-over design to assess the effects of muscle pain on the stability of multidirectional 
(task-related and tangential) forces during sustained dorsiflexions, elbow flexions, knee 
extensions, and plantarflexions. Fifteen healthy subjects performed series of isometric 
contractions (13 s duration, 2.5%, 20%, 50%, 70% of maximal voluntary force) before, 
during, and after experimental muscle pain. Three-dimensional force magnitude, angle and 
variability were measured while the task-related force was provided as feedback to the 
subjects. Surface electromyography was recorded from agonist and antagonist muscles. Pain 
was induced in agonist muscles by intramuscular injections of hypertonic (6%) saline with 
isotonic (0.9%) saline injections as control. The pain intensity was assessed on an electronic 
visual analogue scale (VAS). Experimental muscle pain elicited larger ranges of force angle 
during knee extensions and plantarflexions (P<0.03) and higher normalized fluctuations of 
task-related (P<0.02) and tangential forces (P<0.03) compared with control assessments 
across force levels, while the mean force magnitudes, mean force angle and the level of 
muscle activity were non-significantly affected by pain. Increased multidirectional force 
fluctuations probably resulted from multiple mechanisms that, acting together, balanced the 
mean surface EMG. Although pain adaptations are believed to aim at the protection of the 
painful site, the current results show that they result in impairments in steadiness of force. 
 
Keywords: Muscle pain, force variability, motor control, adaptation, isometric force. 
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Introduction 
 
Force variability is an inherent characteristic of human motor control (Stein et al. 2005) 
which is mainly influenced by the excitation and discharge behaviour of the motoneuron pool 
(Tracy et al. 2007). Increased force variability has been associated with muscle fatigue 
(Missenard et al. 2009), ageing (Tracy 2007), increased risk of falls (Carville et al. 2007), and 
in particular, higher force fluctuations were observed in patients with chronic musculoskeletal 
pain disorders such as knee osteoarthritis and subacromial impingement syndrome compared 
with healthy controls (Hortobágyi et al. 2004; Bandholm et al. 2006). Although it has been 
shown that pain may cause changes in muscle coordination (Graven-Nielsen et al. 1997), it is 
still unclear how these changes affect the three-directional distribution of force variability. 
It has been suggested that, during painful contractions, the central nervous system is able 
to maintain a constant submaximal force level by reducing motor unit firing rates (Farina et 
al. 2004), in addition to a spatial redistribution of activity within and between muscles 
(Madeleine et al. 2006; Falla et al. 2007; Tucker and Hodges 2010). As different muscle 
compartments have distinct directional alignments of force production (Herrmann and 
Flanders 1998), the redistribution of muscle activity is likely to elicit directional changes in 
the resultant force vector (Kutch et al. 2008; Tucker and Hodges 2010). 
Using experimental pain models consisting of intramuscular injections of algesic 
substances, it is possible to temporarily induce pain in healthy individuals while avoiding 
other confounder factors associated with chronic pathologies. However, very few studies 
have employed such models to investigate force variability, showing that even acute pain 
elicits significant impairments in the control of static forces of finger, arm, and shoulder 
muscles (Del Santo et al. 2007; Bandholm et al. 2008). While previous investigations were 
limited to unidirectional force assessments during contractions of the upper limbs at moderate 
force levels (20% – 35% of maximal voluntary force, MVC), force fluctuations are known to 
depend on muscle architecture and on the level of exerted force (Tracy et al. 2007), and 
studies using exercise-induced delayed onset muscle soreness as pain model for the elbow 
flexors reported greater impairments during force levels under 10% MVC (Semmler et al. 
2007). The assessment of thee-dimensional force fluctuations has been so far limited to 
baseline and fatiguing contractions, showing similar modulation of task-related and tangential 
force components (Hong et al. 2007; Svendsen and Madeleine 2010; Salomoni and Graven-
Nielsen 2012), but it is unclear if the three components of force fluctuations are similarly 
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affected by pain. This investigation may provide new insight on how pain-related changes in 
muscle activity affect the stability of three-dimensional forces during daily life activities. 
The current study assessed the effects of experimental muscle pain on the distribution and 
steadiness of multidirectional (task-related and tangential) forces during submaximal 
isometric contractions at low, moderate, and high force levels. Based on evidence from 
previous studies, the hypotheses investigated were: (1) Experimental muscle pain will alter 
the angle of the resultant force compared with non-painful contractions; (2) similar increases 
in task-related and tangential force variability will be observed during pain compared with 
baseline assessments; and (3) the effects of experimental muscle pain will be larger during 
low compared with high force levels. 
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Methods 
 
Subjects 
 
Fifteen subjects (12 males, age 28.3 ± 6.5 yr; height 175 ± 10 cm; weight 72.8 ± 12.7 kg; 
mean ± SD) with no known musculoskeletal disorder participated in this study after receiving 
detailed written and verbal explanation and signing an informed consent. The study was 
conducted in accordance with the Declaration of Helsinki and approved by the local Ethics 
Committee (N-20090036). 
 
Protocol 
 
This study used a randomized, blinded, placebo controlled, crossover-design including two 
sessions with at least one week interval in-between. During each session, subjects performed 
isometric contractions of two distinct muscle groups, randomly assigned between 
dorsiflexors, elbow flexors, knee extensors and plantarflexors. All contractions were 
performed in the dominant side. One subject was excluded from performing knee extensions 
due to signs of muscle soreness not related to the protocol. 
For each muscle group, agonist maximal voluntary contraction (MVC) force was assessed 
during three consecutive isometric trials (5 s), followed by three antagonist MVC trials, with 
at least 30 s of rest after each trial. This was followed by six series of force-matched tasks, 
comprised of isometric contractions (13 s) performed at 2.5%, 20%, 50%, and 70% of MVC 
force, in random order, each followed by at least 15 seconds of rest. Additional time was 
provided if subjects felt tired, particularly after high force levels. This rest period avoided the 
effects of fatigue, while ensuring that all contractions following the painful injection were 
performed within the period of high pain sensation, which usually lasts only for a few 
minutes (Graven-Nielsen 2006). Subjects received two intramuscular injections of saline, and 
for each injection the series of isometric contractions were performed under three conditions, 
with at least one minute interval: before, immediately after the injection, and after the 
cessation of any painful effects due to the injection, hereafter designated as pre, during, and 
post conditions respectively. 
Subjects were given practice trials for familiarization with the experimental protocol. 
During all contractions, three dimensional forces were recorded (Fig. 1) while a computer 
screen provided a ramp-and-hold target force feedback corresponding to 2 s of ramp phase 
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and 11 s of hold phase. The visual scales of the feedback remained constant across all target 
forces and muscle groups. After three preparatory beeps, the current task-related force was 
shown in a time line on the screen, and subjects were required to match the ramp-and-hold 
feedback. 
 
Experimental muscle pain 
 
Muscle pain was induced by intramuscular injections of sterile hypertonic saline (1.0 ml, 6%) 
into one agonist muscle of each muscle group: m. tibialis anterior for dorsiflexors, m. 
brachioradialis for elbow flexors, m. vastus medialis for knee extensors, and m. 
gastrocnemius medialis for plantarflexors. Injections of isotonic saline (1.0 ml, 0.9%) were 
used as control. Injections were performed using a 2 ml plastic syringe with a disposable 
needle (27G, 13 mm), and the order of the injections was randomized and balanced between 
subjects and between muscle groups. 
The experimental pain intensity was assessed on a 10-cm electronic visual analogue scale 
(VAS), where 0 cm indicated “no pain” and 10 cm “maximal pain”. The signal from the VAS 
was recorded continuously (sampling frequency of 0.5 Hz), allowing the subjects to update 
the values whenever needed by adjusting an external handheld slider with the contralateral 
hand (not involved in the exercise). Subjects were asked to focus on the VAS in the intervals 
between individual trials, and after completing the series of submaximal trials. 
 
Force recordings 
 
A six-axis force sensor (MC3A 250, AMTI, USA) with high sensitivity (0.054, 0.054, 0.0134 
V/N for Fx, Fy, Fz; and  2.744, 2.744, 2.124 V/Nm for Mx, My, Mz) was used during all 
experiments, yielding three force components (Fig. 1) and three moment components. 
Providing recordings of normal force (Fz, against the surface of the sensor) and tangential 
forces (Fx, Fy), this sensor allows the assessment of three-dimensional changes in the angle 
of force production (i.e. deviations from a purely normal orientation) by calculating the 
angles between the resultant force and each of the tangential directions (Fig. 1; angle θZX = 
atan(Fx/Fz); angle θZY = atan(Fy/Fz)). Centre of Pressure (CoP) was extracted based on the 
three-dimensional force and torque signals (AMTI, USA). The sensor was mounted in 
different custom-built setups, as shown in Fig. 1A-D, allowing isometric contractions of the 
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different muscle groups. The analogue output of the sensor was low-pass filtered at 1kHz, 
amplified (MSA-6, AMTI, USA), sampled at 2 kHz, and stored after 12 bits A/D conversion. 
Dorsiflexion. Subjects were seated in a heavy chair and placed the dominant foot on a 
custom pedal, with the sensor secured above the metatarsal phalangeal joints. The pedal 
could be adjusted for different foot lengths, and was connected to a metal frame with a 
rotating arm, allowing changes of the lower leg angle. The angle between the foot and the 
tibia was 90°, the knee was extended at 120° (180° = straight leg), and the hip flexed at 90°. 
The dominant thigh was strapped and the arms were crossed in front of the chest (Fig. 1A). 
Elbow flexion. Subjects were seated in a heavy chair and rested the dominant elbow and 
the forearm on a padded support, with the sensor secured above the wrist. The dominant 
upper arm was vertical and slightly abducted, the elbow flexed at 90°, and the hand was kept 
vertically aligned to the sagittal plane with closed fist, while the non-dominant arm was held 
in front of the chest, and subjects were instructed not to move the legs (Fig. 1B). 
Knee extension. Subjects were seated in a heavy chair. A pair of L-shaped bars was fixed 
vertically to the chair and horizontally to a metal plate. The sensor was secured to this metal 
plate and adjusted to 5 cm above the medial malleolus of the dominant leg of each subject. 
The hip was flexed at 90° and the knee extended at 120° (180° = straight leg). The dominant 
thigh was strapped and the arms were crossed in front of the chest (Fig. 1C). 
Plantarflexion. Subjects were seated in a chair and placed the dominant foot on a custom 
pedal, with the metatarsal phalangeal joints on the sensor. The sensor was mounted under, 
and protruded through, a pedal which allowed adjustments for different foot lengths, and the 
pedal was fixed to the ground. The hip and the knee were flexed at 90°, and the angle 
between the foot and the tibia was 90°. The dominant thigh was strapped, preventing the heel 
from lifting off the pedal, and the arms were crossed in front of the chest (Fig. 1D). 
 
Surface electromyography 
 
The electromyography (EMG) signals of the relevant agonist and antagonist muscles were 
recorded: m. gastrocnemius medialis (GM), m. gastrocnemius lateralis (GL), m. soleus (SO), 
and m. tibialis anterior (TA) during both dorsi- and plantarflexions; m. biceps brachii (BB), 
m. brachioradialis (BRR), and m. triceps brachii (TRB) during elbow flexions; m. rectus 
femoris (RF), m. vastus lateralis (VL), m. vastus medialis (VM), m. biceps femoris (BF), and 
m. semitendinosus (ST) during knee extensions. All EMG signals were measured by a pair of 
disposable Ag/AgCl surface electrodes (Ambu Neuroline 720, length × width: 4.5×2 cm, 
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Denmark) in bipolar configuration, placed 2 cm apart and positioned according to standard 
recommendations (Hermens et al. 2000). Signals were amplified (Counterpoint MK2, Dantec, 
Denmark), band-pass filtered (10-1000 Hz), sampled at 2 kHz, and stored after 12 bits A/D 
conversion. 
 
Data analysis 
 
The force and moment signals were low-pass filtered using a Butterworth filter of 2nd order 
with a cut-off frequency of 20Hz. The EMG signals were digitally band-pass filtered at 20 Hz 
- 400 Hz using a Butterworth filter of 2nd order, and the integrated EMG (iEMG) was 
calculated over epochs of 1 second by the integral of the full-wave rectified, low-pass filtered 
(50 Hz, 2nd order Butterworth) EMG signal (Ervilha et al. 2005). 
From the MVC task, the peak iEMG of each muscle was extracted and used to normalize 
the iEMG during submaximal target force contractions. For each submaximal contraction, the 
absolute mean forces in all directions, the mean absolute force angles and total range of force 
angles, the standard deviation (SD) of the three force components, the coefficient of variation 
(CV) of force (SD/Mean force), the total excursion of the CoP, and the mean normalized 
iEMG were assessed using a time window of 6 s (3 s after end of ramp, Fig. 2), which 
avoided excessive fluctuations due to slow force development and anticipation of trial 
termination in the beginning and end of contractions, respectively. The CV of force was not 
used to assess the variability of tangential force components because the magnitude of the 
tangential forces approached zero during some trials, leading to inconsistently high values of 
the CV. Alternatively, the use of miniature multi-axis force and torque sensors allows the 
assessment of CoP variability of individual body segments during static contractions, e.g. 
fingers during grasp tasks (Zhang et al. 2010; Zhang et al. 2011). Corroborating this 
approach, a strong correlation has been shown between muscle lateral displacements and 
force fluctuations during isometric contractions (Yoshitake et al. 2008). Hence, the current 
study indirectly assessed the variability of tangential forces by the total excursion of CoP, 
which represents the total length of the CoP path during a given time interval (Prieto et al. 
1996), thus assessing the lateral displacements of quasi-static forces. VAS scores were 
recorded during all contractions and the mean VAS score was extracted from the same time 
window used for the force parameters. 
 
Statistical analysis 
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For all force-matched tasks, mean VAS scores, mean iEMG, and all force parameters were 
assessed using a three-way repeated measures analysis of variance (RM-ANOVA) with 
injection (isotonic, hypertonic), condition (pre, during, post), and force (2.5%, 20%, 50%, 
70% MVC force) as within-subject factors. Because of their opposing functional actions, 
RM-ANOVAs were applied independently to the iEMG of agonist and antagonist muscles. 
Statistical significance was considered for P-values lower than 0.05 and Newman-Keuls (NK) 
post-hoc test was applied when appropriate. All results are reported as mean ± standard error 
of the mean (SEM). 
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Results 
 
Experimental muscle pain 
 
Hypertonic saline injection induced significantly higher mean VAS scores than isotonic 
saline injection during isometric contractions of all muscle groups (Fig. 3; RM-ANOVA: 
F1,13-14 > 42.6, P<0.001; NK: P<0.001). VAS scores were zero during pre and post conditions. 
 
Force magnitude and angle 
 
Pain had no significant effect in the absolute mean force in task-related and tangential 
directions or in the absolute mean θZX and θZY angles (Fig. 4; RM-ANOVA: F2,26-28 < 2.81, P 
> 0.077). Further analysis using the absolute difference with respect to baseline trials also 
showed no significant effects of pain on the mean force magnitude and mean force angle 
(data not shown). Although multiple Injection × Condition interactions in the RM-ANOVA 
of the range of force angles suggested consistent increases in the painful compared with non-
painful conditions, post-hoc analysis revealed significant differences only in the range of θZX 
during plantarflexions and θZY during knee extensions (Fig. 4; RM-ANOVA: F2,26-28 > 3.92, P 
< 0.033; NK: P < 0.017). 
 
Force steadiness 
 
A main effect of force in the RM-ANOVA of the SD of force in the three directions revealed 
a general increase with higher target forces (Fig. 5, RM-ANOVA: F3,39-42>13.378, P<0.0001; 
NK P<0.0038). Moreover, the SD of force was not significantly affected by pain, except for 
an increase of the SD of task-related force during painful compared with non-painful knee 
extensions at 70% MVC (F6,78=2.4428, P=0.0323; NK P=0.0001, not shown). CV of force 
(Fig. 6B; RM-ANOVA: F2,26-28>4.82, P<0.015; NK: P<0.03) and total excursions of CoP 
(Fig. 6D; RM-ANOVA: F2,26-28>4.16, P<0.027; NK: P<0.002) were higher following painful 
compared with control injections for all muscle groups and, except for dorsiflexors, also 
higher than pre and post injection conditions (NK: P<0.03). During plantarflexions, an 
Injection × Condition × Force interaction revealed increased total excursions of CoP during 
pain compared with other conditions only at 2.5% MVC (RM-ANOVA: F6,84=2.37, P=0.036; 
NK: P<0.001). 
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Muscle activity 
 
A main effect of force in the RM-ANOVA of the mean iEMG of all muscle groups revealed a 
monotonic increase of muscle activity with higher target forces for agonist (Fig. 5, RM-
ANOVA: F3,39-42>183.73, P<0.0001, NK: P<0.0015) and antagonist muscles (Fig. 5, RM-
ANOVA: F3,39-42>27.225, P<0.0001, NK: P<0.044), although the increase of antagonist 
muscle activity was not significant between 2.5% and 20% MVC during dorsi- and 
plantarflexions. There were no significant differences in the level of activation of any of the 
observed muscles between painful and non-painful conditions. 
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Discussion 
 
Experimental muscle pain elicited task-specific increase in the ranges of force angle 
compared with control assessments, although changes in mean force magnitude and direction 
were not statistically significant. The present data show for the first time that experimental 
muscle pain elicits higher fluctuations of task-related and tangential force components, i.e. 
higher CV of force and total excursions of CoP, during sustained contractions of different 
muscle groups. No changes were detected in the iEMG of any of the assessed muscles during 
painful contractions. 
 
Multidirectional force fluctuations and pain 
 
An unanimous finding among previous studies assessing three-dimensional steadiness of 
static forces is a monotonic increase of the SD of the three force components when increasing 
target forces (Hong et al. 2007; Svendsen and Madeleine 2010; Salomoni and Graven-
Nielsen 2012), which is further supported by the present data. This increase of SD with target 
force is related to the orderly recruitment of motor units: In order to increase muscle force, 
larger motor units are recruited (Henneman et al. 1965), which produce larger and unfused 
twitches, resulting in increased force fluctuations (Jones et al. 2002). As the resultant force 
represents the spatial summation of activity from different muscles, each contributing to 
fluctuations on its own direction of action (Kutch et al. 2008), an overall increase in muscle 
activity modulates task-related and tangential forces similarly (Hong et al. 2007; Svendsen 
and Madeleine 2010) , as observed in Fig. 5. In fact, the orientation of forces produced by 
individual motor units within each muscle is slightly different according to muscle fibre angle 
and attachments (Herrmann and Flanders 1998) and, even in the case of a single active 
muscle, the exerted force is not kept purely mono-directional during the contraction. 
Consistent with these arguments, previous studies reported: (1) varying degrees of 
coordination of index finger muscles in relation to different directions and magnitudes of 
endpoint forces (Kutch et al. 2008); and (2) heterogeneity of activation within the triceps 
surae muscle in relation to force directions, with subject-specific variations in the degree of 
heterogeneity (Staudenmann et al. 2009). 
Increased variability of force and movement have been associated with the development 
of musculoskeletal disorders and pain (Madeleine 2010), such as knee osteoarthritis and 
subacromial impingement syndrome (Hortobágyi et al. 2004; Bandholm et al. 2006). 
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However, in patients with chronic conditions it is impossible to distinguish whether changes 
in motor function are caused by pain, inflammatory or structural changes, or disuse of the 
affected joint or muscles. Previous investigations on force fluctuations using experimental 
pain models have focused on the assessment of a single force component, showing increases 
of fluctuations during moderate level (20-35% MVC) contractions of the finger, arm, and 
shoulder muscles (Del Santo et al. 2007; Bandholm et al. 2008). The present results extend 
these findings by demonstrating that acute pain evoked by intramuscular injections of 
hypertonic saline elicits an increase of force fluctuations in task-related and tangential forces 
during static contractions of the ankle, elbow, and knee muscles over a wide range of force 
levels.  
Multiple neuromuscular mechanisms could be responsible for the pain-induced increase 
in force fluctuations. First, experimental muscle pain reduces motor unit firing rates and 
elicits a spatial reorganization of muscle activity during sustained contractions, with no 
changes in muscle fibre membrane properties (Farina et al. 2004; Madeleine et al. 2006). 
Hence, the observed changes may reflect an adaptation of the motor strategy within and 
between muscles in an attempt to maintain a constant force output during pain. The increased 
range of force angle observed during painful knee extensions and plantarflexions (Fig. 4) 
reflects higher changes in the direction of force, suggesting that the reorganization of muscle 
activity can occur during the course of the required task. Second, it has been shown that 
hypertonic saline excites group III and IV afferent fibres (Kumazawa and Mizumura 1977), 
which converge on common interneurons in pathways from group Ia and Ib afferents (muscle 
spindles and Golgi tendon organs) (Schomburg et al. 1999). Inhibitory pathways converging 
into group Ia afferents decrease excitatory input to alpha-motoneurons, hence modulating 
force fluctuations (Yoshitake et al. 2004; Shinohara et al. 2005). In addition, spatial 
facilitation between group III and IV muscle afferents and Ib afferents may modulate the 
sensitivity of muscle tension control by decreased reflex sensitivity in agonist muscles and 
increased reflex sensitivity in antagonist muscles (Graven-Nielsen et al. 2002), modifying the 
ability of the central nervous system to interpret proprioceptive information needed to 
precisely control force or position of the limbs (Wessberg and Vallbo 1995). Third, increased 
synchronization of motor units may have contributed to higher force fluctuations (Yao et al. 
2000). 
The SD of force is mainly influenced by the intensity of muscle contraction (Jones et al. 
2002), and  the absence of significant changes in iEMG during pain could explain why no 
differences in the SD of force were observed across different pain conditions. On the other 
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hand, normalized measures of motor output variability (e.g. CV of force) are sensitive to 
motor unit recruitment and discharge behaviour (Taylor et al. 2003; Moritz et al. 2005), and 
the increased CV of force support the involvement of changes in the motor unit population 
during pain. Since the CoP time-series is inversely proportional to the task-related force, the 
total excursion calculated over the CoP time-series can also be considered a normalized 
parameter. Furthermore, supporting the idea that fluctuations in task-related and tangential 
forces are governed by similar, or synergistic, mechanisms (Hong et al. 2007; Svendsen and 
Madeleine 2010; Salomoni and Graven-Nielsen 2012), the present results show increased 
total excursions of the CoP and the CV of force during pain compared to baseline for all the 
assessed muscle groups (Fig 7B, D), as predicted by the second hypothesis. 
It has been shown that delayed onset muscle soreness elicited by eccentric exercises increases 
force variability, particularly at low (< 10% MVC) compared with high forces due to greater 
increase in muscle activity and larger relative effect of changes in single motor unit behavior 
(Lavender and Nosaka 2006; Semmler et al. 2007). In contrast, although in the present study 
high levels of force variability were observed at 2.5% MVC force (Fig. 7A, C), experimental 
muscle pain consistently increased force fluctuations regardless of force level, illustrating that 
distinct mechanisms are evoked by the different pain models. Although not supporting the 
third hypothesis, the current results are consistent with previous findings showing that 
experimental muscle pain also attenuates the kinematics of dynamic arm movements 
regardless of load level (Ervilha et al. 2004). 
 
Pain-adaptation strategy 
 
Contrary to the first hypothesis, the orientation of the resultant force vector was not 
significantly changed during pain, probably because no substantial changes occurred in the 
mean level of muscle activity, as assessed by surface EMG. As a result, subjects were still 
able to sustain the same mean level of motor output in both conditions despite significant 
increases in fluctuations of task-related and tangential forces during painful compared with 
non-painful conditions. Although inconsistent with the homogeneous inhibition of agonist 
muscles predicted by the pain-adaptation model (Lund et al. 1991), these results are 
supported by a number of studies which have also reported no pain-induced changes in EMG 
during static contractions (Graven-Nielsen et al. 1997; Birch et al. 2000; Hodges et al. 2008). 
Nevertheless, the increased variability in three-dimensional force output observed in the 
present study must ultimately result from changes in the activity or coordination of the 
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involved muscles. Thus, it is likely that multiple mechanisms, such as recruitment of 
additional motor units (Graven-Nielsen et al. 1997) , reduced motor unit firing rates (Farina et 
al. 2004), and increased motor unit synchronization (Hodges et al. 2008), acted 
simultaneously and balanced the magnitude of the detected surface EMG, overcoming 
potential inhibitory effects associated with pain. This is in line with recent findings by Tucker 
and Hodges (2009), who reported non-uniform changes in the motoneuron pool detected 
using fine-wire intramuscular electrodes during painful knee extensions, while the amplitude 
of bipolar surface EMG was not affected. 
The absence of changes in the mean force direction contrast with previous findings 
(Tucker and Hodges 2010) and could reflect a methodological limitation of the present study. 
Due to the wide range of motor strategies that may be used to sustain a submaximal target 
force, a long acquisition time is required in order to account for variations over time and 
provide a reliable baseline reference for the mean force angle (Tucker and Hodges 2010). 
However, this was not possible in the case of the high target forces assessed in the current 
study (50% and 70% MVC), and the time window used for analysis (6 seconds) was probably 
too small to estimate a stable reference. Nevertheless, in agreement with the aforementioned 
study, an increased range of force angle was observed during pain compared with baseline 
(Tucker and Hodges 2010), but only during knee extensions and plantarflexions, suggesting 
task-dependent pain adaptations.  Since stronger muscles require a larger motor unit 
population in order to develop the same relative force level compared with weaker muscles, it 
is likely that pain-induced reorganization of muscle activity was greater in the stronger PF 
and KE compared to the weaker DF and EF. The substitution of a larger number of motor 
units may lead to greater misalignments of the resultant force vector (Kutch et al. 2008), 
which could explain the higher changes in force angle in stronger muscles. 
Furthermore, computer model simulations have confirmed that force fluctuations are very 
sensitive to changes in motor unit recruitment strategy and spatial reorganization of active 
motor units (particularly at low force levels) (Fuglevand et al. 1993; Taylor et al. 2003), 
which are commonly reported by experimental pain studies using intramuscular and multi-
channel surface EMG electrodes (Madeleine et al. 2006; Falla et al. 2007; Tucker and Hodges 
2010). Although it has been suggested that pain adaptations in muscle function typically aim 
at the protection of the painful site against further pain or injury (Hodges and Tucker 2011), 
the present data show that they may also result in impairments in the steadiness of force. 
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Conclusions 
 
Experimental muscle pain increased the range of angle in the resultant force as well as the 
normalized fluctuations of task-related and tangential forces during isometric contractions of 
different muscle groups across all the target forces assessed (2.5% – 70% MVC), with no 
changes in the absolute mean force level or the mean force angle. The decreased force 
steadiness probably resulted from dynamic and subject-specific spatial redistribution of 
activity within and between muscles, which could not be detected by surface 
electromyography. The present data show that pain-induced adaptations in muscle function 
lead to impairments in the steadiness of task-related and tangential force components. 
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Figures 
 
Fig. 1 Force magnitude and angle (left side) were assessed using a high-resolution six-axis 
sensor while subjects used custom-built setups to perform isometric dorsiflexions (A), elbow 
flexions (B), knee extensions (C), and plantarflexions (D). 
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Fig. 2. Representative task-related (Fz) and tangential (Fx, Fy) force signals, and EMG 
signals (m. biceps brachii) recorded during isometric elbow flexions at 50% MVC force 
following injections of isotonic (non-painful) and hypertonic (painful) saline into the m. 
brachioradialis. The shaded area represents the time window used for data analysis. 
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Fig. 3 Mean (± SEM, shaded area) VAS scores after intramuscular injection of hypertonic 
(HYP) and isotonic (ISO) saline. Submaximal isometric contractions were restricted to the 
initial 3 minutes following injection, during which hypertonic injections elicited higher pain 
than isotonic injections. Injections were performed into the m. tibialis anterior for 
dorsiflexors, m. brachioradialis for elbow flexors, m. vastus medialis for knee extensors, and 
m. gastrocnemius medialis for plantarflexors. 
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Fig. 4 Mean (+ SEM) of basic force parameters: Mean absolute force (Fx, Fy, Fz), mean 
absolute angle (θzx and θzy), and range of angle (θzx and θzy) during isometric dorsiflexions 
(DF), elbow flexions (EF), knee extensions (KE), and plantarflexions (PF). Each bar 
represents the average across all target forces as no interaction effects were detected between 
injection type, pain condition and the target force. The ranges of the θzx angle during 
plantarflexions and the θzy angle during knee extensions were increased during pain 
compared with all other injection conditions (*, NK: P < 0.033). 
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Fig. 5 Mean (± SEM) standard deviation (SD) of task-related (Fz) and tangential (Fx, Fy) 
forces and integrated electromyography (iEMG) of agonist and antagonist muscles. The 
parameters increased monotonically with higher target forces for all muscle groups (NK: P < 
0.001). Each symbol represents the average across all injection conditions (hypertonic and 
isotonic injections, pre, during and post conditions) as these were not significantly different. 
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Fig. 6 Mean (± SEM) coefficient of variation (CV) of force and total excursion of the CoP 
during isometric dorsiflexions (DF), elbow flexions (EF), knee extensions (KE), and 
plantarflexions (PF). Experimental muscle pain consistently increased the variability of task-
related and tangential forces compared with control injection for all muscle groups (A, C: 
each bar represents the average across all target forces). A cubic polynomial shape was 
observed for both parameters with increasing target forces (B, D: comparing trials performed 
immediately following injections of isotonic (ISO) and hypertonic (HYP) saline). *: 
Significantly higher than control injection, NK: P < 0.03; **: Significantly higher than 
control injection and both pre and post injection conditions, NK: P < 0.03, †: Significantly 
higher than control injection and both pre and post injection conditions only at 2.5% of MVC 
force, NK: P < 0.001. 
 
